Abstract: This article analyses the acoustical properties of Dutch vowels produced by adult Spanish learners and investigates how these vowels are perceived by non-expert native Dutch listeners. Statistical vowel classifications obtained from the acoustical properties of the learner vowel realizations were compared to vowel classifications provided by native Dutch listeners. Both types of classifications were affected by the specific set of vowels included as stimuli, an effect caused by the large variability in Spanish learners' vowel realizations. While there were matches between the two types of classifications, shifts were noted within and between production and perception, depending on the vowel and vowel features. We considered the variability between Spanish learners further by investigating individual patterns in the production and perception data, and linking these to the learners' proficiency level and multilingual background. We conclude that integrating production and perception data provides valuable insights into the role of different features in adult L2 learning, and how their properties actively interact in the way L2 speech is perceived. A second conclusion is that adaptive mechanisms, signalled by boundary shifts and useful in coping with variability of non-native vowel stimuli, play a role in both statistical vowel classifications (production) and human vowel recognition (perception).
Introduction
Adult learners have difficulties in acquiring the phonology of a second language (L2) (Birdsong & Molis 2001; Long 1990) , and many of these difficulties are related to interference from their native language (L1) (Cutler 2012; Flege, Schirru & MacKay 2003) . Several models, such as Flege's (1995) Speech Learning Model (SLM), have attempted to explain learners' difficulties in mastering the L2 phonological system in terms of the perceived similarity of segments in the L1 and L2. Flege and others agree that L2 contrasts based on fine-grained phonetic differences, particularly those contrasts that cover areas of the acoustic vowel space in which a single L1 native category is located, influence the perception and production of L2 phones, especially in the case of vowels (Baker & Trofimovich 2005; Best 1995; Bohn 1995; Escudero 2005; Flege,1995; Flege et al. 2003; Major 2001; McAllister, Flege & Piske 2002) .
How can we assess whether L2 vowels are accurately produced? One way to investigate L2 vowel production accuracy is to conduct acoustical analyses (i.e., an objective approach). Comparing the acoustical properties of the target vowels produced by both L2 learners and native speakers can help establish whether the L2 realizations match those of the native speakers, and if not, where and to what degree there is a mismatch (e.g., Guion 2003; Iverson & Evans 2007) . However, an analysis of L2 vowel production based on acoustics alone does not automatically account for human vowel recognition, that is, how L2 vowels are perceived by native listeners (i.e., a subjective approach). To determine the latter, we can ask native listeners to assess the intelligibility of L2 learners. Munro and Derwing (1995: 76) , define intelligibility as "the extent to which a speaker's message is actually understood by a listener". Asking nonexpert native listeners to orthographically transcribe L2 learners' speech (Bent & Bradlow 2003; Derwing & Munro 1997) can help us establish whether a passage, sentence or word has been understood. Similarly, the identification of vowels can be assessed by asking native listeners to transcribe isolated, monosyllabic words containing target vowels, produced by L2 learners.
A limited number of studies have investigated the relationship between L2 vowel production and native listeners' vowel perception. Van Wijngaarden (2001) examined the perception of Dutch vowels embedded in CVC nonsense words produced by native speakers of American English. Dutch vowels which had no equivalent in American English were identified less successfully by the native listeners. Van Wijngaarden's (2001) findings show that vowels that are difficult for L2 subjects to produce are also difficult for native listeners to recognize. Munro (1993) studied the relationship between acoustical measurements (duration and spectrum) of English vowels produced by native speakers of Arabic and accentedness ratings of those vowel productions by linguistically trained native English listeners. His findings show that the native listeners rated the majority of L2 vowels as accented because they perceived durational and spectral deviances, most of which were attributed to specific characteristics of the Arabic vowel system. The ArabicEnglish vowels produced by Arabic speakers were found to differ in terms of their temporal properties from vowels produced by native English speakers. For instance, Arabic-English tense-lax pairs exhibited greater duration differences than native English tense-lax pairs. Surprisingly, Arabic speakers' mean formant frequencies did not differ from those observed for native English speakers, whereas varying degrees of deviance from native English were found in individual productions. In addition, Munro (1993) concluded that degree of accentedness did not correlate with learners' individual amount of experience, length of residence or daily use of English, suggesting that experience in the L2 does not guarantee success in achieving native-like pronunciation. Nevertheless, several studies have demonstrated that factors such as age of arrival, length of residence, formal instruction, amount of experience, L2 use and motivation play a role in L2 learning, particularly in the acquisition of L2 phones (cf. Moyer 2013; Piske, MacKay & Flege 2001 for a review). These factors may differently affect the performance of individual learners, who in turn may make use of different strategies in acquiring L2 vowels. This can result in large variability in vowel realizations, both within and across learners with the same L1-L2 pairing (cf. Bent, Baesse-Berk, Borrie & McKee 2016) .
Variation between learners has been understudied in language acquisition research (cf. Mayr & Escudero 2010; Moyer 2013) . It is still unclear what the specific factors are that drive this variability. For decades, studies on second language acquisition have assumed that most limitations in L2 development/ acquisition follow from maturational (Critical Period Hypothesis; Lenneberg 1967) , muscular (Scovel 1988) and/or cognitive constraints (cf. Moyer 2013) . However, recent studies aimed at understanding individual differences in language learning have shown that psychological and social mechanisms also play a role in the accuracy with which a second language is acquired (cf. Larsen-Freeman 2009). The trade-off between these mechanisms may explain why, for instance, learners with the same L1 who are exposed to the same target language at the same age exhibit differences in their L2 development/acquisition. Intrinsic and extrinsic differences can account for this variation in individual performance, particularly when it comes to phonological learning (Moyer 2013) . Intrinsic individual differences relate to, for example, differences in aptitude (e.g., mimicry ability: some learners have a special talent to learn languages and to imitate accents), musical talent (cf. Gottfried 2008; Tokuhama-Espinosa 2003) , learning styles and strategies (cf. Kolb & Kolb 2005) and gender (cf. Moyer 2013) . Extrinsic individual differences may stem from sociopsychological factors, such as identity, motivation and attitudes.
Two other factors that might play a role in individual variability are experience and input. Both are often measured in terms of amount of time (weeks, months, years) of L2 exposure, and in terms of length of residence (cf. Piske et al. 2001) . However, such measures can lead to misleading assumptions, as amount of L2 exposure or length of residence does not necessarily account for learners' L2 phonological accuracy (cf. Flege, Frieda & Nozawa 1997) . With regard to input, Flege (2012) claims that both the quantity and quality of L2 input are essential to L2 speech learning and need to be taken into account when explaining variability in individual performance.
What the abovementioned studies have in common is that they show that the learners' linguistic performance correlates with non-linguistic factors, and that these factors may account for individual variability. An investigation by Mayr and Escudero (2010) sought to explain individual variation in terms of individual learners' distinct learning paths. The authors investigated -in a perceptual assimilation task and a forced choice identification task -whether individual native English learners of German follow different paths in their perception of six rounded German vowels. Their results showed that learners differed greatly from each other in the way they mapped L2 vowels onto native categories, and that this variation in the observed patterns was highly diverse, but at the same time systematic.
Research has shown that L2 perception (Mayr & Escudero 2010 ) and production (Munro 1993 ) differ greatly across individual L2 learners. The variability inherent in L2 learners' production implies that native listeners have to adapt to different pronunciations across learners. Native listeners can rapidly perceive segmental deviations from the norm and can easily detect pronunciation errors by learners that native speakers are not likely to make (Magen 1998) . The variability inherent in L2 learners' production implies that native listeners have to adapt to different pronunciations across learners. For example, in the context of L2 vowel realizations, they have to be able to shift their category boundaries to accommodate an ambiguous vowel realization that differs from their usual expectations about phonemic categories (Cutler 2012) . These perceptual adaptation processes show that native listeners are able to adjust the L1 boundary between categories to sustain successful language processing (cf. Bradlow & Bent 2008; Cutler 2012) .
There is a need for empirical work on individual variation in L2 vowel production and on the perception of these L2 vowel productions by native listeners (cf. Mayr & Escudero 2010; Moyer 2013 ). The present study seeks to fill this gap. Subsequently, the aim of the present study and the Spanish and Dutch vowel systems will be presented.
The present study
The aim of the present study is to compare the results of two different approaches aimed at investigating Dutch L2 vowel production accuracy by adult Spanish learners, that is, an objective approach by which the acoustical properties of Dutch vowels produced by adult Spanish learners are investigated and a subjective approach based on the perception of these vowels by non-expert native Dutch listeners. This comparison contributes to answering the question whether Dutch listeners are capable of perceiving deviant L2 vowel realizations, which we know (on the basis of objective measurements) are not produced in a native-like fashion, and to understanding which dimensions or features are important for non-expert native Dutch listeners' perception, as attested from their transcriptions (i.e., subjective measurements).
Previous studies on the acoustical properties of Dutch vowels produced by adult Spanish learners of Dutch (cf. Chapter 3 in Burgos 2018 for the acoustic mapping of the Spanish-Dutch vowels onto the native Dutch vowels; see also Burgos, Jani, Cucchiarini, Van Hout & Strik 2014b ) and on the perceptual assessments of the same vowels by non-expert native Dutch listeners (cf. Chapter 5 in Burgos 2018; see also Burgos, Sanders, Cucchiarini, Van Hout & Strik 2015) have shown that Spanish learners have problems with contrasts in vowel height, vowel length, front rounding and diphthongization. Considering previous findings and given the different types of vowel confusions observed in both production and native perception, we predict that the acoustic cues (vowel height, length, rounding and diphthongization) in the speech signal of the learners' vowel realizations will have a direct impact on both production and perception results. We expect that these acoustic cues may have different weightings in learners' production and, particularly, in native perception, and that they will affect the variability in the production and perception confusion patterns.
An additional aim of the present study is to explain the variability in L2 realizations, and how such variability may be related to individual differences. As well as comparing the acoustical measurements of the Spanish learners' Dutch vowel productions with corresponding perceptual assessments of those productions by native Dutch listeners, we will examine variability in production and perception in the context of the learners' proficiency level and additional factors that may play a role in L2 vowel accuracy, such as prior linguistic knowledge in multilinguals (De Angelis 2007), length of residence and L2 use (cf. Piske et al. 2001 ).
The Spanish and Dutch vowel systems
We now consider the phonological properties of the Spanish and Dutch vowel systems. While Spanish has a straightforward five vowel system (/a, e, i, o, u/; see Figure 1 ) (Hualde 2005) , Dutch has a complex vowel system containing 15 full vowels (monophthongs: /i, y, u, I, ʏ, ɔ, ɛ, ɑ, aː/; long mid vowels: /eː, øː, oː/; diphthongs: /ɛi, oey, ɔu/; see Figure 1 ), next to the reduced vowel /ə/ (Adank, Van Hout & Smits 2004a; Booij 1995) . Four features characterize further differences between the two vowel systems (see Table 1 ). Spanish does not have phonemic vowel length (Hualde 2005; McAllister et al. 2002) , whereas Dutch has a strict lax/ tense distinction (lax vowels: /I, ɛ, ɔ, ʏ, ɑ/; tense vowels: /i, y, u, eː, øː, oː, aː/), which crosses the short/long distinction (short vowels: /i, y, u, I, ʏ, ɔ, ɛ, ɑ/; long vowels: /aː, eː, øː, oː, ɛi, oey, ɔu/) (Adank et al. 2004a ). Spanish does not have the feature of front rounding, as all rounded vowels in Spanish are back vowels (/o, u/) (Hualde 2005) , while Dutch has four front rounded vowels (/ʏ, y, øː, oey/). Spanish does not have diphthongs at the phoneme level, that is, single phonemes defined by their trajectory between two vowel positions; instead it has a rich inventory of 14 vowel combinations (Hualde 2005) . Dutch, on the other hand, has diphthongs at the phoneme level, such as /ɛi, oey, ɔu/. The Dutch long mid vowels (/eː, øː, oː/) are not considered to be full diphthongs, but they are slightly diphthongized (cf. Adank et al. 2004a ; Van der Harst, Van de Velde & Van Hout 2014) . Finally, Spanish is distinguished by three height values (high: /i, u/; mid: /e, o/; low: /a/) (Hualde 2005) , whereas Dutch is characterized by four height values (high: /i, y, u/; high mid: /I, ʏ, eː, øː, oː/; low mid: /ɔ, ɛ, ɛi, oey, ɔu/; low: /ɑ, aː/) (Booij 1995) , as shown in Figure 1 . F1 and F2 (normalized) values for the five Spanish vowels (dashed lines), as realized by Spanish L1 speakers and for the fifteen Dutch vowels, as realized by Dutch L1 speakers; all vowels are measured at 50% of the vowel duration; the mean values are indicated by the vowel symbols; the values for Spanish vowels were drawn from Chládková, Escudero and Boersma (2011) ; the values for Dutch values were drawn from Van der Harst (2011) . Figure 1 2 Method 2.1 Participants
Spanish learners
The speech of 28 adult Spanish learners of Dutch (9 males and 19 females), originating from Spain and a number of Latin American countries (Argentina, Dominican Republic, Guatemala, Mexico and Venezuela), was employed as stimulus material. We are aware of the phonetic differences between varieties of Spanish (Hualde 2005) , and their possible influences on Dutch L2 perception (cf. Escudero and Williams 2012 in their investigation on Peruvian and Spanish learners of Dutch), but decided to pool all our Spanish L1 Dutch L2 speech data, as the perceptual differences reported in Escudero and Williams (2012) are negligible and do not bear out investigating these varieties of Spanish separately. In addition, phonetic differences between native speakers of Iberian and Latin American Spanish appear to be few and small when these speakers are highly educated (Navarro Tomás 2004: 7) , as the participants in the present study are. All the learners were living in the Netherlands at the time of the study and had already followed or were taking Dutch courses. All of them reported using Dutch in daily life. As all the learners were familiar with the Common European Framework of Reference for Languages (CEFR), they were asked to assess their own proficiency level in Dutch, and in other foreign languages they spoke, using the CEFR Self-Assessment Grid. They rated themselves in Dutch at one of the following four CEFR levels: A1 (CES (=Cambridge English Scales) 100-119), A2 (CES 120-139), B1 (CES 140-159) and B2 (UCLES 2015) . Table 2 shows information about the Spanish learners per CEFR language proficiency level (cf. Chapter 3 in Burgos 2018 for more detailed information about the Spanish learners). Table 2 . Scores for speaker variables per CEFR language proficiency level; Age = age at the time of the recording, in years, AoA = age of arrival in the Netherlands, in years, LoR = length of residence in the Netherlands, in years, Use of Dutch = Selfestimated daily use of Dutch, in hours, Origin = where speakers were born and brought up. 
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Native Dutch listeners
A snowball sampling strategy had been employed to recruit native listeners in an earlier study on the perception of Spanish-Dutch speech (cf. Chapter 5 in Burgos 2018) . This sampling technique consists of recruiting subjects from the social networks of a starting set of individuals. In the earlier study, each individual in the starting set was asked to recruit at least five native speaker subjects from his/her networks of family and friends in order to reach a heterogeneous group of native listeners. The individuals themselves could not take part in the experiment. The same sampling technique was used in the present study. The starting set of 25 individuals (7 males and 18 females) in the present study were all undergraduate students of International Business Communication (IBC, Department of Communication and Information Studies) at the Radboud University Nijmegen, in the Netherlands. The native listeners they recruited had to meet the following criteria: 1) at least 18 years old, 2) native Dutch speaker, 3) not linguistically trained, and 4) unfamiliar with Spanish-accented Dutch. A total of 139 native Dutch listeners who met the criteria were recruited. They were all asked to participate in a transcription task, which required them to transcribe the non-native (SpanishDutch) stimuli. A total of 132 native Dutch listeners (59 males and 73 females) completed the transcription task. The transcriptions of seven listeners who did not complete the task were discarded. The listeners were heterogeneous in terms of age (range: 18-66 yr old, M = 32.39, SD = 16.26) and completed education (elementary school (n = 4), high school (n = 73), vocational training education (n = 24), higher professional education (n = 24), university degree (n = 7)). It should be noted that the transcription task consisted of the non-native tokens interspersed with native tokens of two native Dutch speakers (one male and one female) from the corpus of native speakers of Standard Dutch mentioned earlier. Native stimuli were included to increase the validity of the task, as these native tokens could be used by the transcribers as anchor points (see Chapter 5 in Burgos 2018 for more information about the native Dutch listeners). The transcriptions of both the non-native and native tokens of all 132 listeners were used in subsequent analyses.
Stimulus materials
The stimulus materials in the present study are from an existing corpus of Spanish L1 Dutch L2 (cf. Burgos et al. 2014b ) which includes systematic productions of Dutch sounds that are problematic for Spanish learners. The material we used in the present study comprises a list of Dutch monosyllabic words read out by adult Spanish learners. The same material was used by Van der Harst (2011) , and Van der Harst et al. (2014) , who obtained recordings of the same list of Dutch words produced by native Dutch speakers. The word list used in the original corpus comprises 278 monosyllabic and disyllabic words representing all the Dutch vowels in different contexts. For our study, we employed a subset of these 278 words, namely 29 Dutch monosyllabic words per speaker. This subset of 29 Dutch words included all 15 Dutch vowels in stressed position followed either by /s/ or /t/, as vowel quality is known to alter only minimally when the vowel is followed by these consonantal sounds (Van der Harst 2011: 146; Van der Harst et al. 2014: 254) . Table 3 provides an overview of the 29 Dutch words containing all 15 Dutch vowels, and their corresponding phonological and orthographic representations. No example of a word containing the vowel /y/ followed by /s/ was included, as this combination does not exist in Dutch monosyllabic nouns. All non-native tokens were recorded in a quiet room at the Linguistics Department of the Radboud University or at the speakers' home, using a headset (Logitech, USB entry DZL-A-0001 4-B) and a laptop (ACER AMD Quad-core Processor A6-3400M with Turbo CORE Technology up to 2.30 GHz). The data were recorded at a sampling frequency of 16 kHz. The Spanish learners read out loud the Dutch words, which were presented on a computer screen one by one, at intervals of three seconds. Each word from the set of 29 words was recorded by each speaker only once, which resulted in 812 word tokens (29 words x 28 speakers). Six speech samples (from six different subjects) were discarded due to erroneous recording. Thus, a total of 806 word tokens from the Spanish learners were subjected to analysis.
We used the same set of 29 words spoken by 20 native speakers of Standard Dutch (10 males and 10 females), collected by Van der Harst (2011) and Van der Harst et al. (2014) to describe the Dutch vowel system. The Dutch samples were analysed (see below) using similar techniques as those employed for the non-native data. 
Analysis of the speech recordings
The words read by the native Dutch speakers and by the Spanish learners were orthographically transcribed in Praat (Boersma & Weenink 2010) , and subsequently segmented following the procedures for vowel segmentation described in Van Son, Binnenpoorte, Van den Heuvel and Pols (2001) , and Van der Harst (2011) . The segmentation of vowels was done by an experienced transcriber, the first author, who manually segmented each word at the phoneme level. The onset and end of each vowel were determined by looking at the waveform (for example, structure and amplitude). We also looked at information from the spectrogram, formant tracks and auditory cues to determine the beginning and the end of each vowel. The segmentation of vowels was then checked by a native Dutch phonetician, who, where necessary, altered the onset and end of vowels that had already been segmented.
Acoustical analyses
Acoustical analyses were performed to extract measurements of the first and second formants (F1 and F2) and of the duration of the Dutch vowels produced by adult Spanish learners. It should be noted that measurements of third formant (F3) were not analysed in the current study, as previous research has shown that F3 is not essential in the identification of front rounded vowels in Dutch, and that using F1 and F2 only is sufficient to identify these vowels (Adank 2003; Cohen, Slis & 't Hart 1963 1967 Van der Harst 2011) . The first two formants were measured at three equidistant points (i.e., at 25%, 50% and 75% of the vowel duration). This information helps to determine if and how diphthongization is realized by Spanish learners producing all mid vowels and diphthongs in comparison to native speakers, as mid vowels and diphthongs in Dutch are long and show a milder or stronger degree of diphthongization (Adank et al. 2004a ; Van der Harst et al. 2014) . All measurements were automatically extracted using an LPC (Linear Predictive Coding) analysis in Praat (Boersma & Weenink 2010) . First, every vowel token was assigned a specific number of coefficients, i.e., four, five or six coefficients, based on information from the waveform, spectrogram and formant tracks of the speech signal. Next, an LPC script based on the chosen number of coefficients was run in order to extract F1 and F2 values. The same procedure was repeated for the measurement extractions of duration. All resulting measurements were manually checked by the first author who corrected any errors found. Subsequently, an additional check for outliers, checked at 25%, 50% and 75%, was carried out by the same native Dutch phonetician mentioned earlier, who followed the procedure employed in Van der Harst (2011) and Van der Harst et al. (2014) , and corrected any errors found. All vowel realizations were then normalized using Lobanov's (1971) transformation to neutralize formant frequency variations resulting from anatomic differences among informants (cf. Adank, Smits & Van Hout 2004b) . Durational values were standardized (z scores) for each Spanish learner.
Results
Subsection 3.1 presents the results of the acoustic measurements of the non-native and native data. Subsection 3.2 focuses on the native listeners' perceptions of Dutch vowels produced by the adult Spanish learners and the native Dutch speakers. The final subsection, 3.3, compares the results of the production study (acoustic data) with those of the perception study (listener data).
Acoustic data
The Dutch vowels produced by Spanish learners and native Dutch speakers were analysed using a multinomial logistic regression, which is a statistical classification technique. It is used to predict a vowel classification using a categorically distributed dependent variable, given a set of predictor variables. Based on the acoustic values of the non-native and native speech data, the regression calculates the probabilities of canonical and non-canonical classifications of the vowel realizations. A canonical classification means that the vowel realization is classified as the target vowel, whereas a non-canonical means that the vowel realization is classified under a different vowel (which is not the target vowel). A given vowel realization is classified in the vowel category with the highest probability. We investigated the non-native and native data using three classification conditions to determine to what degree outcomes depend on the vowel sets to be classified, namely "Total", "Group" and "Individual". In the classification condition "Total", we pooled the non-native and native data, in "Group", the nonnative and native data were treated as two independent sets or groups, and in "Individual", the individual Spanish learner data were added, learner by learner, to the data of the native group. The regressions for each classification condition were conducted using F1 and F2 only, and F1, F2 plus vocalic duration. In this way, the analyses could throw light on the extent to which duration plays a role in vowel classification.
Non-native data
We first focus on the results in the three classification conditions. Subsequently, we present the non-native matrix that we obtained in the condition "Group" using F1, F2 and duration. Table 4 presents the means and standard deviations of canonical classifications for the three conditions "Total", "Group" and "Individual", with F1 and F2 (at 25%, 50%, 75% of the vowel duration) only, and with F1, F2 and duration. We also included the target vowels whose percentages change (Vowel + dur ↑) and do not change (Vowel + dur ↓) after including duration; deviations ≤ 2.5% after including duration are rated as unchanged (Vowel + dur ↔). It can be seen that the average percentage of canonical classifications in the condition "Total" with F1, F2 only, at 61.1%, increases to 72.5% after including duration. A similar increase can be seen in "Group" (61.7% → 74.7%) and "Individual" (72.4% → 89.1%).
However, an increase in the average percentage of canonical classifications does not necessarily mean that each target vowel benefits equally from including duration. Upon closer inspection, we see that in the "Total" condition, almost all target vowels benefit from duration, and adding duration is not detrimental to any target vowel. But three target vowels, the diphthongs <ij>, <ui> and <ou>, are not affected by adding duration; the percentages of canonical classifications for these vowels remain unchanged. Along similar lines, in the "Group" condition, almost all target vowels benefit from duration, but the canonical classification percentages for the target vowels <e> and <ui> are not affected by duration. Finally, in the "Individual" condition, the canonical transcription percentages for 13 target vowels increase by adding duration, but those for <ie> and <e> are not affected. In sum, this indicates that with duration, the average percentage of canonical classifications is consistently higher in each classification condition, and for the majority of target vowels. This improvement indicates that duration contributes substantially to an increase in the probability of a canonical classification. Table 4 . Scores for the canonical classifications of the Dutch vowels produced by Spanish learners for the conditions "Total", "Group" and "Individual", with both F1 and F2 (25%, 50%, 75%) only, and F1, F2 and duration, and target vowels whose percentages (do not) change after including duration, deviations ≤ 2.5% after including duration are rated as unchanged; Classification C = classification condition, + dur = including duration.
Classification C F1, F2
F1, F2 + dur Vowel + dur ↑ Vowel + dur ↓ Vowel + dur ↔ An improvement (see Table 4 ) is also observed across the three conditions ("Total" → "Group" → "Individual"). The average percentage of canonical classifications using F1 and F2 slightly improves from "Total" (61.1%) to "Group" (61.7%), and a substantial improvement is observed from "Group" to "Individual" (72.4%). A similar improvement pattern from "Total" (72.5%) to "Group" (74.7%) to "Individual" (89.1%) is found when duration is added (F1, F2 + duration). The inclusion of native speakers of Dutch in the "Total" condition does not appear to change the canonical scores. The improvement to classifications in the "Group" and "Total" conditions are comparable. The "Individual" condition gives a boost to the canonical scores. In this condition, the vowels of one Spanish learner are classified amongst the vowels of all 20 native speakers. The "Individual" condition can only produce an improvement if the Spanish learners actually produce distinct acoustic properties between the target vowels, however weak. Adding more Spanish learners seems to blur these already vulnerable distinctions, and this effect is probably augmented by the fact that the distinctions are highly variable across and within learners.
Is this improvement in the average percentage of canonical classifications across classification conditions -after including duration -also found for the canonical classifications per target vowel? Table  5 shows the degree of improvement in the percentages of canonical classifications per target vowel and the average percentage of canonical classifications per condition ("Total"→ "Group" → "Individual"), using F1 F2 and duration, for all 15 Dutch vowels produced by Spanish learners.
The average percentage of canonical classifications in "Total" (72.5%) is similar to that in "Group" (74.7%), showing only a modest improvement of 2.2%. The differences between the target vowels were only slight (Cohen's h; all values were lower than .20; h ≥ .20 is a small effect). A medium improvement (14.4%; h ≥ .50) is observed from "Group" (74.7%) to "Individual" (89.1%), with slight to large (h ≥ .80) differences between the individual target vowels. The rounded target vowels, in particular, seem to benefit (large Δ <uu> = 39.3%, medium Δ <u > = 12.5%, medium Δ <eu> = 20.0%, large Δ <ui> = 43.7%), whereas the outcome for <i> is the only negative pattern (medium Δ = -26.8%), which may indicate that the distinction <i> versus <ie> is hard to classify at the level of individual Spanish learners. The striking improvement in the average percentage of canonical classifications from "Group" to "Individual", as well as in the percentages of canonical classifications per target vowel (with the exception of <i>) shows that the individual Spanish learners are making distinctions between the Dutch vowels, however weak and variable these may be. Table 5 . Degree of improvement for the percentages of canonical classifications per target vowel and per condition ("Total"(T)→ "Group"(G)→ "Individual" (I)) for all 15 Dutch vowels produced by Spanish learners (F1, F2 + duration); Vowel = target vowel, Δ = difference between the percentages across conditions, %Can = average percentage of canonical classifications. We now focus on the outcomes of the non-native acoustic data in the classification condition "Group", as this is the condition, unlike "Total", in which the non-native data is treated as an independent group. Therefore, the outcomes in this condition can best classify the Spanish-accented Dutch vowels based on their own characteristics. We present the results in the "Group" condition employing F1, F2 and duration, as formant frequencies (F1 and F2) and duration are both important properties to be taken into account when characterizing Dutch vowels. Table 6 presents the matrix representing the classification of the Spanish learners' Dutch vowel realizations, using a multinomial logistic regression. The columns represent the 15 target vowels corresponding to the nine monophthongs (<ie>, <uu>, <oe>, <i>, <u>, <o>, <e>, <a>, <aa>), the three long mid vowels (<ee>, <eu>, <oo>), and the three diphthongs (<ij>, <ui>, <ou>). The rows show the overall percentages of canonical (marked green) and non-canonical classifications for the 15 target vowels. The column Total shows the average percentage of the sum of all percentages of classified vowels per row. Table 6 . Probability ratio of canonical (indicated in green) and non-canonical classifications for all 15 Dutch vowels produced by Spanish learners in the condition "Group" (F1, F2 + duration); target vowels in the columns, classified vowels in the rows, non-canonical classifications with deviations > 2.5% related to vowel height (in pink), vowel length (in turquoise), rounding (in yellow) and diphthongization (in teal) are also indicated; Vow = target vowel. The results show that 74.7% of all classifications are canonical, whereas 25.3% are non-canonical. The highest percentage of canonical classifications is found for the vowel <e> (90.9%), and the lowest for <ui> (41.8%).
Vowel
The variability in non-canonical classifications indicates that the Dutch vowels produced by the learners were classified on the basis of their acoustic properties as different vowels than the target vowels. The highest difference was found for the target diphthongs <ui> and <ou>, classified as eight and seven different non-canonical vowel categories respectively, whereas the lowest differentiation was found for the target vowel <aa>, assigned to only two different vowel categories, followed by the target vowels <i>, <o>, <ee>, <eu>, and <oo>, with three categories each.
Upon closer inspection, Table 6 shows non-canonical classifications related to problems with vowel height (e.g., in the vowel confusion <i>-<ie>), vowel length (e.g., in the confusions <a>-<aa> and <o>-<oo>), rounding (e.g., in the confusions <uu>-<u>-<oe> and <ui>-<ou>), and diphthongization (e.g., in the confusions <eu>-<ui> and <oo>-<ou>). Clearly, these problems relate to the four distinctive features listed in Table 1 . An examination of the most conspicuous vowel confusions with values higher than 10% brings us to the pair <i>-<ie>. The target vowel <ie> (67.9%) is extensively classified as <i>, as attested by the high percentage of non-canonical classifications, namely 21.4%. In contrast, the target vowel <i> (76.8%) is less frequently classified as <ie> (14.3%). Asymmetry is also found in confusions related to vowel length, as is the case for the vowel pair <a>-<aa>. The target vowel <aa> (83.9%) is often classified as <a> (14.3%), more than <a> is as <aa> (7.1%). A similar situation applies to the target vowel <o> (83.9%), which is frequently classified as non-canonical <oo> (8.9%). Vowel confusions related to rounding are found for the target front rounded vowels <uu> (53.6%) and <u> (71.4%), which are frequently confused with each other, and, especially, with the back rounded vowel <oe>, yielding non-canonical percentages of 21.4% and 14.3% respectively. Rounding is also involved in the <ui>-<ou> confusion. The target front rounded vowel <ui> (41.8%) is often classified as <ou>, and is given the highest percentage of non-canonical classifications in the non-native matrix (21.8%,), a higher percentage than for the target back rounded vowel <ou> (63.6%) which is classified as <ui> (12.7%). As to diphthongization, the target long mid vowel <eu> (78.2%) is frequently classified as <ui> (16.4%), more than <ui> is classified as <eu> (12.7%). This indicates that the long mid vowel <eu> is extremely diphthongized by the Spanish learners.
Native data
The Dutch vowels produced by native Dutch speakers were analysed in the classification conditions "Total", in which the native and non-native data are pooled together, and in the classification condition "Group", in which the native and non-native data are treated as two independent groups, using F1 and F2 only, and F1, F2 and duration. Table 7 shows the average percentages of canonical classifications for the two classification conditions "Total" and "Group", with both F1 and F2 (at 25%, 50%, 75% of the vowel duration) only, and F1, F2 and duration. The target vowels whose percentages change (Vowel + dur ↑) and do not change (Vowel + dur ↓) after including duration are also included; deviations ≤ 2.5% after including duration are rated as unchanged (Vowel + dur ↔).
The average percentage of canonical classifications in "Total" with F1, F2 only, at 84.3%, increases to 91.3% after including duration. A similar increase after adding duration is seen in "Group" (95.2% → 99.2%). In "Total", ten target vowels benefit from duration, whereas <ie> and <uu> show a decrease. Three target vowels, <oe>, <ij> and <ui> (with deviations ≤ 2.5%), are not affected by adding duration. In "Group", six target vowels benefit from duration, while the other nine target vowels do not. Overall, including duration leads to consistently higher percentages of canonical classifications per target vowel, although this seems to be less beneficial for the native vowel classifications than it is for the non-native vowel classifications
The average percentage of canonical classifications of the native data using F1 and F2 only improves from "Total" (84.3%) to "Group" (95.2%), with a greater improvement (10.9%) than that found for "Total" → "Group" in the non-native data (i.e., 2.1%; see Table 5 ). A similar improvement to that in the non-native data is found when duration is included (F1, F2 + duration): "Total" (91.3%) → "Group" (99.2%). This substantial improvement seems to suggest that the presence of non-native data in "Total" detrimentally affects the results of the native speech data, indicating that the statistical classifier adapts its classification when non-native data are included. Table 7 . Scores for the canonical classifications of the Dutch vowels produced by native Dutch speakers for the conditions "Total" and "Group", with both F1 and F2 (25%, 50%, 75%) only, and F1, F2 and duration, and target vowels whose percentages (do not) change after including duration, deviations ≤ 2.5% after including duration are rated as unchanged; Classification C = classification condition, + dur = including duration. To understand this mechanism better, Table 8 shows the native matrix in the classification condition "Total" with F1, F2 and duration. Most non-canonical classifications seem to be related to the vowel confusions observed in the non-native matrix, for example, to the vowel confusions in the pairs <ie>-<i> and <i>-<ie>, associated with vowel height. The <uu>-<u> confusion is related to height as well. Other confusion patterns, associated with rounding, are observed too, such as the non-canonical classifications of the target front rounded <uu> as the front unrounded <i>, or of the target back unrounded <a> as the back rounded <o>. Diphthongal confusions are found for <eu> and <oo>. The feature that does not reflect problems in this matrix is length, indicating that duration does not lead to confusions in the native data because it is a secondary feature in the native-produced vowel distinctions. These results seem to suggest that problematic features found in the statistical classifications of the non-native vowels recur in the classifications of the native vowels when these features are of primary relevance in the native-produced vowel distinctions. The classifier would seem to have adapted to the great variability in the vowel realizations in the non-native data with detrimental results for the native data as a consequence (cf. Berck 2017 who shows that machine learning algorithms are affected by infusing errors in linguistic data). Table 8 . Probability ratio of canonical (indicated in green) and non-canonical classifications for all 15 Dutch vowels produced by native Dutch speakers in the condition "Total" (F1, F2 + duration); target vowels in the columns, classified vowels in the rows, non-canonical classifications with deviations > 2.5% related to vowel height (in pink), vowel length (in turquoise), rounding (in yellow) and diphthongization (in teal) are also indicated; Vow = target vowel. 
Classification
Vow
Listener data
In this subsection, we focus on perception, by examining the native Dutch listeners' transcriptions of the Dutch vowels produced by adult Spanish learners (non-native matrix) and by native Dutch speakers (native matrix). It should be noted that the non-native and native matrices consist of 15 columns representing the 15 target vowels x 15 rows representing the classified vowels. This was not the case for the non-native and native matrices of the listener data in the earlier perception study (cf. Chapter 5 in Burgos 2018), which contained 15 columns representing the 15 target vowels x 20 rows representing the transcribed vowels. That is, the 20 rows consisted of 15 rows for the 15 Dutch vowels and five additional rows: one row for the frequent non-canonical variant <ai> (over diphthongized vowel combination assigned to the target vowel <ij>), and four rows in the Rest category (containing transcribed vowels < 5%), including non-canonical variants related to longer duration, diphthongization, other transcriptions and consonants. With a view to comparing the non-native and native matrices of the acoustic data and the non-native and native matrices of the listener data, we decided to alter the number of rows in the original matrices of the listener data. We subsumed the <ai> transcriptions under <ij>, and, subsequently, distributed the percentages of the four rows in the Rest category throughout the remaining 15 rows representing the transcribed vowels. This allowed us to compare the two 15x15 matrices for the non-native (see Table 9 ) and native data (see Table 10 ). Table 9 presents the non-expert native Dutch listeners' transcriptions of the Dutch vowels produced by the 28 adult Spanish learners. The rows show the overall percentages of canonical (indicated in green) and non-canonical transcriptions of the 15 target vowels.
Non-native data
Our results show that 65.4% of all classifications are canonical, whereas 34.6% are non-canonical. The highest percentage of canonical transcriptions was for the vowel <e> (87.3%), while the lowest was for the <uu> (33.8%). The last two vowels in the list, namely, the front rounded <u> and <uu>, do not occur in Spanish and can be considered new for Spanish learners (cf. Flege 1995) .
The most striking difference in comparing Table 9 to Table 6 (the acoustic data), is that the nonnative matrix of the listener data is much more distributed, in that it shows more variability in the vowel confusions. This indicates that the listeners perceived the vowels spoken by the Spanish learners in various ways. The highest variability was found for <ui> and <eu>, assigned to 14 and 13 different non-canonical vowel categories respectively. The degree of variability here might be related to the fact that <ui> and <eu> are front rounded vowels. The lowest variability is found for the target vowel <i>, even though it is assigned to as many as six different non-canonical vowel categories.
The non-canonical transcriptions in Table 9 clearly show what the vowel confusions are, and therefore, which features were perceived by the native listeners to be (erroneously) employed by the Spanish learners when producing the Dutch target vowels. The most outspoken vowel confusion, related to vowel height, is observed for the target vowel <i> which is assigned to <ie> (44.2%). Non-canonical transcriptions of the target vowel <ie> as <i> (13.7%) were also found, but at a substantially lower percentage, indicating that there is an asymmetrical confusion between these vowels. Other confusions related to vowel height were observed in the target vowel <u>, which was frequently transcribed as <uu> (10.2%), more than <uu> as <u> (4.0%). The target diphthong <ou> was often perceived as <oo> (19.0%), although <oo> was seldom transcribed as <ou> (1.8%). The most conspicuous confusions related to vowel length were found in the short monophthongs <uu>, <i>, <o> and <a>, which were often perceived as having longer duration, and in the long vowel <aa> and the long mid vowels <ee>, <eu> and <oo>, which were perceived as monophthongs with shorter duration. In other words, the target short monophthongs were often perceived as long vowels, and the target long vowels as short vowels. An asymmetrical confusion related to vowel length can be seen in the vowels in the pair <a>-<aa>, which are hard to distinguish, with <a> more often perceived as <aa> (30.8%) than <aa> as <a> (14.2%).
With respect to the front rounded vowels, Table 9 shows that the front rounded monophthongs <uu> and <u> are perceived as the back rounded vowel <oe> (30.3% and 37.0% respectively). A similar pattern was found for the front rounded diphthong <ui> which was often transcribed as the back rounded diphthong <ou> (14.6%). However, the front rounded long mid vowel <eu> was perceived differently: either as a front vowel (<ij>, 3.9%) or as a back rounded vowel (<oo>, 9.6%). We found fewer vowel confusions related to diphthongization than to vowel height, vowel length and rounding. The target long mid vowels <ee> and <eu> were often perceived as <ij> and <ui> respectively, indicating that they were over diphthongized. It should be noted that the results reported in Burgos (2018, Chapter 5 ) also show that native Dutch listeners perceived the extreme diphthongization with which some Dutch vowels were produced by the Spanish learners, especially in the case of the long mid vowels and diphthongs. Finally, the frequent assignment of the non-canonical variant <ai> and the various non-standard transcriptions included in the Rest category in the original non-native matrix indicate that Spanish learners do have problems with diphthongization, even though the non-native matrix reflects fewer confusions (see Table 9 ). Table 9 . Most frequent canonical (indicated in green) and non-canonical transcriptions of all 15 Dutch vowels produced by Spanish learners, as given by non-expert native Dutch listeners; target vowels in the columns, classified vowels in the rows, non-canonical transcriptions with deviations > 2.5% related to vowel height (in pink), vowel length (in turquoise), rounding (in yellow) and diphthongization (in teal) are also indicated; Vow = target vowel. Table 10 shows how the Dutch vowels produced by two Dutch native speakers were transcribed by the native listeners (see section 2.5). The columns present the 15 target vowels, while the rows show the transcribed vowels, reflecting overall percentages of canonical (indicated in green) and non-canonical transcriptions. Our results show that 81.4% of all transcriptions are canonical, whereas 18.6% are non-canonical. Such a low canonical percentage for the native data was unexpected, particularly because the native data from these two speakers was included in earlier studies (cf. Van der Harst 2011; Van der Harst et al. 2014) and no anomalies were reported in their speech in comparison to the speech of the rest of the speakers in the native database used in those studies. Table 10 shows that the target vowel with the highest percentage of canonical transcriptions is <oe> (98.6%), whereas the target vowel with the lowest percentage of canonical transcriptions is <e> (53.7%). We did not expect such a low percentage for the identification of the target vowel <e>. A thorough examination of the transcriptions of the native data made it clear that the low percentage for the target vowel <e> can be ascribed to specific word tokens produced by one of the two native speakers (the target vowel "zes", "six" was often transcribed as "zus", 'sister"). The majority of the non-canonical transcriptions seems to be related to the non-native confusion patterns also found in the non-native matrix of the listener data (see Table 9 ). For example, the target vowel <i> is transcribed as <ie> (17.1%) (confusion related to vowel height), the target <ee> as <e> (6.0%) (vowel length) and the target <uu> as <ui> (3.8%) (diphthongization). Confusion patterns associated with rounding seem to be distributed over several vowels. Front unrounded vowels were perceived as front rounded vowels: <e> as <u> (44.4%), <i> as <uu> (10.5%), and <ij> as <ui> (21.10%). Rounding is also involved in perceiving front rounded vowels as back rounded vowels, i.e. <uu> as <oe> (23.1%) and in perceiving <a> as <o> (22.2%). The latter distinction also involves height. In sum, it seems that problematic features in perceiving non-native vowels recur in perceiving native vowels, when the latter are mixed with non-native data. Table 10 . Most frequent canonical (indicated in green) and non-canonical transcriptions of all 15 Dutch vowels produced by native Dutch speakers, as given by non-expert native Dutch listeners; target vowels in the columns, classified vowels in the rows, non-canonical transcriptions with deviations > 2.5% related to vowel height (in pink), vowel length (in turquoise), rounding (in yellow) and diphthongization (in teal) are also indicated; Vow = target vowel. 
Native data
Comparison acoustic and listener data
In this subsection we focus on the non-native data and compare the results of the acoustic data presented in the current study with the outcomes of an earlier perception study (cf. Chapter 5 in Burgos 2018). We first investigate the outcomes of the Spanish learners as a group and then examine individual differences across learners.
Spanish learners as a group
In Table 11 , we compare the percentages of canonical classifications per target vowel of the acoustic data in the classification condition "Group" using F1, F2 and duration (see Table 6 ), with the percentages of the native listeners' canonical transcriptions per target vowel (see Table 9 ). A paired-samples t-test showed a significant difference between the acoustic data and the listener data (t(14) = 2.31, p = .037). The average canonical percentages for the acoustic data (M = 74.7, SD = 13.3) were higher than for the listener data (M = 65.4, SD = 16.4).
Remarkably, for five Dutch target vowels, namely <ie>, <oe>, <o>, <e> and <aa> (counterparts of the five Spanish core vowels /i, u, o, e, a/ respectively), the difference between the percentages of canonical classifications/transcriptions for the acoustic and listener data was fairly small (see Table 11 ), which means that the results from the statistical classifier and the native listeners coincide to a large extent in classifying/ perceiving the learner vowel realizations of these target vowels as canonical.
At the same time, there are medium-sized differences (Cohens h ≥ .50; see Table 11 for the percentages) between the acoustic and listener data for four target vowels, namely, for the short monophthongs <i> and <u>, for the long mid vowel <ee>, and for the diphthong <ui>. For the target vowels <i>, <u> and <ee>, the percentages of canonical classifications for the acoustic data are much higher than those for the perception data, indicating that many of the learners' vowel realizations of these three vowels were automatically classified as canonical on the basis of their acoustic measurements. These discrepancies show that the statistical classifier classified the learner realizations of these vowels on the basis of acoustic properties that were decoded differently by native listeners.
The opposite applies to the target front rounded vowel <ui> (see Table 11 ), which received a much higher percentage of canonical transcriptions for the listener data (68.8%) than for the acoustic data (41.8%). This indicates that human vowel recognition was more accurate than the statistical classifier in perceiving the target vowel <ui>. Table 11 . Percentages of canonical classifications/transcriptions per target vowel and most frequent vowel confusions, resulting from the acoustic and the perception study, confusions related to vowel height (H, in pink), vowel length (L, in turquoise), rounding (R, in yellow) and diphthongization (D, in teal) are also indicated; Vowel = target vowel, AS = acoustic study, PS = perception study, Δ = difference between the percentages of canonical classifications/transcriptions of both studies, Conf-= most frequent vowel confusions per study, %Can = average percentage of canonical classifications/transcriptions. Table 11 also shows the most frequent vowel confusions per target vowel and the features which were (erroneously) employed by the Spanish learners, namely, vowel height, vowel length, rounding and diphthongization. The rows Conf-AS and Conf-PS in Table 11 indicate that 9 of the 15 target vowels produce the same frequent vowel confusions in the acoustic and listener data (i.e., the target vowels <ie>, <uu>, <i>, <u>, <o>, <a>, <aa>, <ij> and <ui>), whereas this is not the case for six target vowels, namely, <oe>, <e>, <ee>, <eu>, <oo> and <ou>. The target back rounded vowel <oe> was frequently classified as the front rounded vowel <u> in the acoustic data, whereas it was perceived as the back rounded long mid vowel <oo> by the native listeners, which means that the discrepancy between the acoustic and the listener data relies on a difference in weighing front rounding and vowel length. The target front unrounded vowel <e> was often classified as the front unrounded long mid vowel <ee> in the acoustic data, but classified as the front unrounded <i> by the listeners, which indicates a difference in weight assigned to vowel length and vowel height. A similar interpretation applies to the target long mid vowel <ee>, which was frequently classified as the high front vowel <ie> in the acoustic data, but as the front unrounded diphthong <ij> in the listener data. This indicates that the difference here relates to vowel height and diphthongization. The front rounded long mid vowel <eu> was usually classified as the front rounded diphthong <ui> in the acoustic data, but often perceived by the listeners as the back rounded long mid vowel <oo>, reflecting a disparity related to diphthongization and rounding. Similarly, the back rounded long mid vowel <oo> was frequently classified as the back rounded diphthong <ou> in the acoustic data, but perceived as the back rounded monophthong <o> by the listeners, indicating that the disparity here relates to diphthongization and vowel length. Finally, the target back rounded diphthong <ou> was frequently classified as the front rounded diphthong <ui> in the acoustic data, but as the long mid vowel <oo> by the listeners, suggesting, different weightings for the features of rounding and vowel height. In sum, larger discrepancies seem to be caused by differently weighing the competing features involved. While the four distinctive features (see Table 1 ) are clearly involved, their individual impact varies, as exemplified in Table 11 .
Vowel
H R R H R L L L L H D D H R R
Conf-PS
H R L H R L H L L D R L H R H
Individual differences across learners
This subsection discusses the individual patterns found in the acoustic and listener data obtained from the classifications/transcriptions of the Dutch vowels produced by 28 Spanish learners, and the way their individual performance is related to their background characteristics, including their CEFR level, length of residence and daily use of Dutch. We first consider individual differences across learners in the acoustic data and in the listener data separately. Subsequently, we compare the outcomes of the acoustic data and the listener data for each individual learner.
Acoustic data
The dissimilarities among the Spanish learners were computed by using a matrix of 15 columns by 15 rows, giving a vector of 225 cells per learner. The analysis resulted in consistent clustering into four groups, irrespective of the clustering method used. We applied the R package pvclust (Suzuki & Shinodaira 2006) for a hierarchical cluster analysis with multiscale bootstrapping (n = 1000), using Euclidean distances and Ward's method. Two types of probability values are available: approximately unbiased (AU) p-value and bootstrap probability (BP) value, AU is a better approximation. High p-values indicate strong, certain clusters. The values vary between 0 and 100. The result of the hierarchical cluster analysis for the acoustic data is shown in Figure 2 . The AU values (in red) in Figure 2 show that three of the four clusters are not entirely separate, whereas the fourth cluster is clearly separated from the rest. There are similarities between three clusters (clusters 1, 2 and 3) and therefore between individual learners. But what are the differences between clusters? Figure  2 shows that the main division is between the three lower clusters (clusters 1, 2 and 3) and the fourth, higher, cluster (cluster 4). Also, a subdivision can be noted between cluster 1 and clusters 2 and 3, and between cluster 3 and cluster 2. Does this clustering result from proficiency differences? Learners with higher proficiency are likely to show a greater consistency in the production of target L2 segments, while learners with lower proficiency will tend to show more variability in their production confusion patterns (Cutler 2012) . Table 12 presents the means and ranges of the percentages of canonical classifications for the Dutch vowels produced by the Spanish learners and their CEFR levels, in each of the four clusters. Table 12 shows that the highest mean percentage of canonical classifications is observed in cluster 1. The range in canonical percentages in cluster 1 overlaps with that of clusters 2 and 3, and even with that of cluster 4. This shows that it is not only the percentages of canonical classifications that determine clustering but also the distributions and percentages of the non-canonical classifications. Most of the Spanish learners are in cluster 1. When proficiency level is considered, we see that cluster 1 contains learners at all four levels, and the highest number of learners with a B2 level. Cluster 2 contains the majority of A1 learners, but also three A2 and one B1 learner. Cluster 3 does not have as many learners as clusters 1 and 2, but it has learners at all four levels. Finally, cluster 4 contains only two learners, both at A1 level. We next consider the problems faced by learners in each of the clusters. Cluster 1 is characterized by learners with no serious problems associated with vowel length and front rounding, and with few difficulties related to vowel height and diphthongization. Cluster 2 contains learners with problems related to height, diphthongization and front rounding, particularly in the <uu>-<u> contrast. Some of these learners also have difficulties with length; their vowel realizations are too long. The difficulties with Dutch vowels for learners in cluster 3 are similar to those observed in cluster 2, but more salient. There is great variability in the vowel confusion patterns associated with the learners in this cluster. The great majority have problems with all four distinctive features: height, length, rounding and diphthongization. They all appear to apply Spanish-like diphthongization (i.e., combining two full vowels) when realizing the long mid vowels and diphthongs.
One of the learners in cluster 1 (learner 1) rather surprisingly has an A1 proficiency level. However, this female learner received the highest percentage of canonical classifications of all the Spanish learners. An explanation for this outcome may be found in this learner's language background. She is a Spanish/ Catalan bilingual who had been living in the Netherlands for six months and used Dutch daily (eight hours approximately). She was an MA student of Translation and Interpreting Studies who also spoke English and French at B2 level, and Arabic at A2 level. The fact that she spoke French is perhaps relevant, as French has front rounded vowels. Learner 28, also in cluster 1, is a male post-doctoral researcher who had been living in the Netherlands for three years. Surprisingly perhaps, his use of Dutch was rather limited (approximately four hours a day), especially if we take into account his B2 proficiency level and the fact that, of all the learners in cluster 1, he received one of the highest average percentages of canonical classifications. He was fluent in English (C2 level), French (C2 level) and German (C1 level). French and German have front rounded vowels, which may account for the phonological accuracy of this learner's Dutch vowel productions. Interestingly, for both of these exceptional learners in cluster 1 (learners 1 and 28), Dutch was their L3 or additional language (La). It is said that prior linguistic knowledge in multilinguals can be useful in the acquisition of an La (De Angelis 2007: 130) . Our results suggest that speaking French and German, languages that have front rounding, may help learners to master front rounded vowels in an La, for example, in Dutch.
One B1 learner in cluster 2 seems to provide evidence for the suggestion that phonology acquisition does not always progress along with foreign language proficiency (cf. Burgos, Cucchiarini, Van Hout & Strik 2014a) . Further examination of this female learner's background (learner 18) does not offer an explanation for the low average percentages of canonical classifications she receives. She is a professional in human ecology who spoke English (C2 level) and French (C1 level). Her length of residence in the Netherlands was ten years, and her use of Dutch was low, namely four hours daily. She appeared to have problems with vowel length, vowel height and diphthongization and, perhaps most strikingly, showed an overreliance on front rounding which led to numerous vowel confusions. Her prior knowledge of French did not seem to help her produce native-like Dutch vowels. Her strategy may have been to apply front rounding for most Dutch vowels, that is, also where this was not appropriate.
The learner with the highest average percentage of canonical classifications in cluster 2 is an A1 learner (learner 2). She had been living in the Netherlands for three years. Her self-estimated use of Dutch on a daily basis was approximately 14 hours. She was a translator and fluent in English (C1 level), German (C2 level) and Italian (C1 level), which may explain her phonological skill when producing Dutch vowels.
The only B2 learner in cluster 3 represents an exceptional case. Learner 23, whose length of residence was 12 years and who used Dutch on a daily basis (eight hours approximately), is a female B2 learner who had a low-intermediate level in English (B1 level). She had severe problems with extreme diphthongization, vowel height and vowel length, and difficulties with the front rounded vowels, in particular <uu> and <u>. This learner reported to the first author that she was fired because customers could not understand her Dutch.
Cluster 4 contains only two learners. Learner 9 is a female MA student of media studies who had been living in the Netherlands for one month. She reported using Dutch daily (6 hours approximately). She spoke English (C1 level), Portuguese (B1 level) and Catalan (B1 level). She had problems with vowel height and her long mid vowels and diphthongs were extremely diphthongized. The average percentage of canonical classifications for learner 3 was lower than for learner 9. The other learner in this cluster (learner 3) is a male university employee who had been living in the Netherlands for ten years, and did not use Dutch very much (two hours a day). He was fluent in English (C2 level) and German (C1 level). He had difficulties associated with diphthongization, vowel height and front rounding. His knowledge of German, which contains front rounded vowels, did not seem to help when producing the Dutch front rounded vowels, as attested by an evident <uu>-<u>-<oe> confusion.
Prior linguistic knowledge of other languages, especially languages with front rounding, seem to contribute to being able to produce Dutch vowels (more) accurately. In this respect, it should be noted that the B2 learner in cluster 3 (learner 23) did not speak any other foreign language (than Dutch) which has front rounded vowels.
Listener data
We computed dissimilarities among the speakers by using the original matrix of 15 columns by 20 rows (cf. Chapter 5 in Burgos 2018), giving a vector of 300 cells per speaker. A consistent clustering in three groups was found, regardless of the clustering method used. To exclude the noisy impact of the many cells with rather low frequencies, we excluded those cells in the matrix whose average across the informants was less than 5% of the classifications. The result was a set of 42 cells, a number that obviously is higher than the 15 cells with canonical transcriptions. We again applied the R package pvclust (Suzuki & Shinodaira 2006) with multiscale bootstrapping (n = 1000), using Euclidean distances and Ward's method. The result of the hierarchical cluster analysis for the listener data is displayed in Figure 3 . Figure 3 show that the three clusters are not perfectly distinctive, pointing out that there are similarities between the clusters. But what are the differences between the three clusters? Figure 3 shows that the main division is between cluster 1, and clusters 2 and 3. Can this clustering be explained by proficiency differences? Again, L2 learners with higher proficiency can be presumed to have a greater consistency in the realization of phonemic target phones, resulting in higher intelligibility, whereas learners with lower proficiency will likely produce more variable input, resulting in less intelligible realizations (Cutler 2012: 386) . Table 13 presents the means and ranges of the percentages of canonical transcriptions and the CEFR language proficiency levels of the Spanish learners in each of the three clusters. Cluster 1 is associated with the highest average percentage of canonical transcriptions, as shown in Table  13 . The range in percentages of canonical transcriptions overlaps to some extent with the two other clusters. Clusters 2 and 3 clearly overlap in this respect. These results exemplify that it is not only the percentages of canonical transcriptions that matter, but also the percentages of non-canonical transcriptions. When it comes to proficiency, cluster 1 has the highest number of learners with a B2 level, but also two A1 learners. Cluster 2 has learners at all four levels. Cluster 3 contains the majority of A1 learners, but also one B2 learner, which suggests that L2 phonology acquisition does not always progress along with foreign language proficiency.
How are the clusters related to the transcriptions? Cluster 1 learners evoke higher percentages of canonical transcriptions, showing an overall better performance, particularly on the front rounded vowels <u> and <uu> and on the long mid vowels. This cluster is characterized by learners with no major difficulties with vowel length, front rounding and diphthongization, and probably on the verge of dealing with problems related to vowel height.
The distinction between clusters 2 and 3 is harder to define. Cluster 2 comprises learners who have difficulties with vowel height and with front rounding. Our results indicate that these learners often realize the vowels <ie>, <uu>, <aa> and <oo> with longer duration. The learners' difficulties with Dutch vowels in cluster 3 are similar to those found in cluster 2, but much more salient. That is, problems with vowel height and particularly with front rounding are more severe for most learners in cluster 3. The duration of <ie>, <uu>, <oe>, <e>, <aa>, <ee> and <oo> are longer. And most importantly, all learners from cluster 3 appear to resort to extreme diphthongization when producing long mid vowels and diphthongs.
Two learners in cluster 1 have an A1 proficiency level, namely learner 1 and learner 3. The background information of these learners has already been commented on in the discussion of the cluster analysis of the acoustic data. Here again, our outcomes seem to suggest that speaking French and/or German, languages that have front rounding, helps in mastering front rounded vowels in an La, such as Dutch.
The three B2 learners in cluster 2 show that L2 phonology acquisition does not always reflect the level of foreign language proficiency. Learner 25 spoke English (B2 level) and her length of residence in the Netherlands was three years. Her use of Dutch was high, namely 10 hours on a daily basis. She was learning Dutch pronunciation with the help of a Dutch speech therapist at the time of the recording because she had problems being understood by native Dutch listeners. Learner 25 in cluster 2 appeared to have extreme diphthongization. She also had severe problems with front rounded vowels, particularly <u> and <uu>. A similar situation applies to learner 22 in cluster 2. She was a female B2 learner, fluent in English (C2 level), and had been living in the Netherlands for ten years. She used Dutch for an average of six hours a day. She had difficulties with the front rounded vowels, especially <u> and <uu>, and with vowel height and length.
Cluster 3 contains only A1 learners. Learner 4 is associated with the lowest average percentage of canonical transcriptions of all 28 Spanish learners, followed by learner 5, also included in cluster 3. Learner 4 is a female nurse. She had been living in the Netherlands for seven months and used Dutch on a daily basis (11 hours approximately). She was fluent in English (B2 level). She had severe problems with vowel height, vowel length, front rounding and diphthongization. Learner 5 is a male research technologist whose length of residence in the Netherlands was 7 months. He used Dutch for an average of six hours a day. He was fluent in English (B2 level). He also had severe problems with vowel height, vowel length, front rounding and diphthongization, but to a lesser extent than those observed for learner 4.
It should be noted that both B2 learners in cluster 2 and both A1 learners in cluster 3 did not speak any other foreign languages with front rounded vowels, like French or German. This means they could not benefit from existing linguistic knowledge to help their acquisition of Dutch front rounded vowels.
We can conclude that the primary distinction among the three clusters can be related to the front rounded vowels. Our outcomes clearly show that the new feature of front rounding is affected by the L1 feature of back rounding, which leads Spanish learners to produce the front rounded vowels <u> and <uu> as the back rounded <oe>. Recurring pairwise confusions for <a>-<aa> and <i>-<ie> are detected in all three clusters, although learners in cluster 1 appear to perform considerably better when making these vowel distinctions. Although diphthongization does not cause serious difficulties and seems to compensate for problems with vowel length, extreme diphthongization, nevertheless, can lead to intelligibility problems.
Comparison of acoustic and listener data
This subsection compares the outcomes of the acoustic and listener data per individual Spanish learner. Table 14 presents the mismatch between the outcomes, based on the clustering analyses, and on the average percentages of canonical classifications/transcriptions per individual learner. Table 14 shows that while there is a match between two clusters (acoustic data and listener data) for 15 learners, a mismatch of two clusters was found for only two learners. A mismatch of one cluster was observed for 11 learners. Mismatches were also found in terms of the degree of difference between the average percentages of the canonical classifications/transcriptions of the acoustic and listener data for the individual learners. Table 14 shows the average percentages of the canonical classifications/transcriptions for the acoustic and the listener data, and the difference between the two outcomes. As noted earlier in relation to the comparison between the acoustic and listener data of the learners as a group (see section 3.3.1), the average percentage of canonical classifications for the acoustic data (74.7%) is higher than for the listener data (65.4%). Almost all differences are positive, except for two learners, showing that the acoustic classification was more successful than the listener classification. The highest difference between the average percentage of canonical classifications for the acoustic data and for the listener data was observed for learner 12 (Δ = 36.8), but there are more learners with high difference scores. The correlation between the two sets of percentages (r(28) = .605. p (two-tailed) = .001) is significant, but not high. A closer examination of the individual patterns of learner 12 found in the acoustic and listener data, and of her background characteristics, including her CEFR language proficiency level, can help us to understand what the reasons are for such a striking difference. Learner 12 is a Spanish/Catalan bilingual who had been living in the Netherlands for six months and used Dutch daily (13 hours on average). She was working in the pharmaceutical industry and was fluent in English (C1 level), German (B2 level) and French (A2 level). The statistical classifier appears to have classified many of her Dutch vowel realizations as canonical. Her prior linguistic knowledge of other foreign languages might have contributed to her accurate production of Dutch vowels, and proficiency in German and French might have helped her in producing front rounded Dutch vowels accurately. Conversely, the average percentage of canonical transcriptions she received is rather low, indicating that the native Dutch listeners were not always able to decode the acoustic properties of her Dutch vowel realizations. An inspection of the canonical transcriptions for this speaker reveals that she had severe problems with rounding in some Dutch vowels, namely the front rounded vowels <uu> (0.0%), <u> (6.06%) and <eu> (38.1). Back rounding was also problematic, as attested by low canonical percentages for <o> (40.63%) and <oo> (48.39%), although her production of <ou> (52.5%) was relatively successful. Difficulties with vowel height (e.g., the target vowel <i> (20.59%)) and with extreme diphthongization (e.g., the target vowel <ee> (9.38%)) were also evident. However, not all vowel realizations produced by learner 12 were inaccurate. Her realizations of the target vowels <e> (95.83%) and <aa> (89.66%), which are similar to the Spanish vowels /e, a/, as well as of the vowel <ui> (90.32%) were excellent. In sum, the outcomes of the listener data indicate that learner 12 shows a great variability in her production of Dutch vowels: the production of some vowels was poor, whereas other vowels were accurately produced, reaching nearnative canonical percentages. She also shows great variability in the way she applies acoustic features. For instance, she applies front rounding proficiently when producing the front rounded vowel <ui>, reaching a near-native pronunciation, while she is not able to apply this feature properly when realizing the front rounded vowels <uu> and <u>.
The variability observed in the production patterns of learner 12 is not an exception. Interestingly, such variability seems to be present in the features associated with L2 vowel contrasts learners master predominantly. For instance, additional analyses showed that some learners seem to focus on the feature of vowel length first, which will help them to make the <a>-<aa> contrast (based on vowel height and duration) (e.g., learner 10 (A1 proficiency level), with 88.9% for <a> and 79.3% for <aa>), whereas others focus on the feature of rounding, which is necessary to produce the <ij>-<ui> distinction (e.g., learner 8 (A1 proficiency level), with 92.31% for <ij> and 90.63% for <ui>). As a result, we observe considerable variability within learners and across learners.
Discussion
The present study set out to compare the results of two different approaches aimed at investigating Dutch L2 vowel production accuracy by adult Spanish learners. We compared the acoustic properties of Dutch vowels produced by adult Spanish learners (i.e., an objective approach) with the perception of these vowel productions by a varied and extensive group of non-expert native Dutch listeners (i.e., a subjective approach). To this end, we compared statistical vowel classifications obtained from the acoustic properties of the Dutch vowels produced by Spanish learners with human vowel recognition based on the transcriptions of the same Spanish-Dutch vowel productions by a large and varied group of native Dutch listeners.
An additional aim was to explain individual differences and variability in L2 vowel realizations across Spanish learners by investigating individual patterns at the production and perception levels. To establish these individual patterns, we examined the learners' proficiency level in Dutch, as well as factors that could play a role in L2 phonology acquisition, and particularly in L2 vowel accuracy, such as prior linguistic knowledge in multilinguals, length of residence, and daily use of Dutch.
Our outcomes, presented in the non-native matrix (see Table 6 ), show high variability in the learners' vowel productions. The variety in, and high percentages of, non-canonical classifications assigned by the listeners indicate that the Dutch vowels produced by the Spanish learners were classified on the basis of their acoustic properties as different vowels than the target vowels. The highest variability in noncanonical classifications was found for the target front rounded vowel /oey/ (<ui>), which does not occur in Spanish (new vowel), whereas the lowest variability was observed for the target vowel /aː/ (<aa>) (similar to the Spanish /a/). The non-canonical classifications are related to vowel height, length, rounding and diphthongization. Conspicuous asymmetrical confusions were noted in the contrasts /I/-/i/ (<i>-<ie>) (based on vowel height) and /ɑ/-/aː/ (<a>-<aa>) (based on vowel height and vowel length), in which the vowels /i/ and /aː/ (similar to the Spanish /i/ and /a/ respectively) are frequently classified by the statistical classifier, more than /I/ and /ɑ/. Vowel confusions related to rounding were reflected in the non-canonical classifications of the target front rounded /y/ (<uu>) and /ʏ/ (<u>), two new vowels which are frequently confused with each other, and particularly with the back rounded vowel /u/ (<oe>) (similar to the Spanish /u/). Similarly, the target front rounded new diphthong /oey/ (<ui>) is often classified as the back rounded diphthong /ɔu/ (<ou>). It should be remembered that Spanish does not have front rounding, as all rounded vowels in Spanish are back vowels (/o, u/) (Hualde 2005) . This could explain why the Spanish learners produce Dutch vowels /y/, /ʏ/ and /oey/ -which are new vowels to them -as back and rounded vowels. As to vowel confusions related to diphthongization, the target long mid vowel /øː/ (<eu>) is often classified as the diphthong /oey/ (<ui>), showing evidence of extreme diphthongization in the learners' realizations.
According to Flege's (1995) SLM, a new phoneme category may be hard to acquire when it seems similar to an existing L1 category. Adult L2 learners may use a single L1 category for two L2 phones classified as similar. In the context of the present study, the Dutch vowels /i, u, ɔ, ɛ, aː/ can be regarded as acoustically similar to the Spanish /i, u, o, e, a/ and therefore familiar to Spanish learners, whereas the remaining Dutch vowels (monophthongs: /y, I, ʏ, ɑ/; long mid vowels: /eː, øː, oː/; diphthongs: /ɛi, oey, ɔu/) can be considered new for Spanish learners. While the present study did not set out to test Flege's (1995) SLM, it can be concluded that some of our results are in line with the model. They show that Spanish learners have problems in making the fine-grained vowel contrasts /I/-/i/ and /ɑ/-/aː/ because the L2 phones in each pair are non-contrastive in the L1, as both resemble Spanish /i/ and /a/. The long mid vowels and diphthongs are often produced differently than the monophthongs, namely, by applying Spanish-like diphthongization (i.e., combining two full vowels).
Our findings show that the statistical classifier and human vowel recognition coincide to a large extent in classifying/perceiving the learner vowel realizations of the Dutch target vowels /i, u, ɔ, ɛ, aː/ (see Table  11 ). This is in line with the Full Copying hypothesis suggested in Escudero's (2005) L2LP model (see also Van Leussen & Escudero 2015 for a revision of the L2LP model). A central assumption of the Full Copying hypothesis is that L2 learners will initially copy their L1 perception to attune L2 segments to their L1 native categories. Over time, exposure to the L2 will help L2 learners to evade their L1-learning mechanisms and to develop optimal L2 perception. We found evidence that the Dutch vowels that are best classified/perceived, namely, /i, u, ɔ, ɛ, aː/, are those vowels that are copies of the Spanish /i, u, o, e, a/ (see Table 11 ).
How do the statistical classifications of the learner vowel productions relate to their corresponding perceptions by native Dutch listeners? We assumed that the features of vowel height, length, rounding and diphthongization would play a pivotal role in perception also, but that their cue weightings might vary in comparison to the weightings used in production. The results supported our assumptions, as we found similarities and disparities between the production and native perception results. As expected, comparable results between the statistical classifier and native listeners were found for the five Dutch target vowels /i, u, ɔ, ɛ, aː/ (<ie>, <oe>, <o>, <e>, <aa>), because they match the five Spanish core vowels /i, u, o, e, a/ (cf. Flege 1995) (see Table 11 ). This indicates that statistical vowel classifications and human vowel recognition concur to a great extent. Disparities between the statistical classifier and native listeners were observed too. We found both slight and substantial differences. Slight differences were found for the target vowels /y, ɑ, øː, oː, ɛi, ɔu/ (<uu>, <a>, <eu>, <oo>, <ij>, <ou>), whereas substantial differences were seen for /I, ʏ, eː, oey/ (<i>, <u>, <ee>, <ui>). These results indicate that the human ear is able to process a large range of variability, as well as subtle and fine-grained characteristics of the speech signal in non-native speech, and suggest that human perception is not mere statistical classification.
The statistical classifier turned out to be more successful in classifying the learner realizations of the target vowels /I, ʏ, eː/ (<i>, <u>, <ee>) as canonical -based on their acoustic properties -than native Dutch listeners, who could not decode these properties or decoded them differently. It is important to take into account that the circumstances for the statistical classifier and native Dutch listeners were different. The statistical classifier considered all the data simultaneously, as a whole set, computing the solution with the best classification result. In contrast, the native listeners considered one stimulus at a time, at most within the context of previous stimuli, so that their classification can be considered to be more local than that of the statistical classifier. Therefore the native listeners not only had less information at their disposal, but their classifications might have been influenced by previous vowels in the set of stimuli they were presented with, which may have allowed them to adapt -and fine-tune -their perception.
Indeed, we found indications of adaptive mechanisms at work both in the statistical vowel classifications of the acoustic data and in native listener vowel recognition, depending on the vowel sets involved. Patterns of vowel confusions and problematic features found in the statistical vowel classifications of the non-native vowels in the classification condition "Total" (in which non-native and native data were pooled) recur in the classifications of the native vowels (see Table 8 ). For example, problems related to the feature of vowel height appear in the non-canonical classifications of the target vowels /I/ (<i>) and /y/ (<uu>) classified as /i/ (<ie>) and /ʏ/ (<u>) respectively, whereas difficulties related to rounding and diphthongization are evident from the non-canonical classifications /ɔ/ (<o>) and /oey/) (<ui>), corresponding to the target vowels /ɑ/ (<a>) and /øː/ (<eu>) respectively. This pattern of performance in the statistical vowel classifications of the native data appears to indicate that the statistical classifier is data-sensitive and may have adapted or shifted its category boundaries to the ambiguous sounds of the non-native speech samples. This adaptive mechanism in boundary shift could help to understand why native front unrounded vowels (e.g., /ɑ/ (<a>)) were classified as back rounded vowels (e.g., /ɔ/ (<o>)). In addition, the improvement observed across the classification conditions "Total" (i.e., non-native and native data pooled together), "Group" (non-native and native data treated as two independent groups) and "Individual" (individual non-native data mixed with the native data group) indicates that the acoustic data set to be analyzed can alter the results in an individual classification condition. Our results for the three classification conditions seem to suggest that the statistical classifier is context-sensitive as it adapts to the nature of the data (non-native and/or native data) inputted to the system. The input of large amounts of non-native data with a large variability in vowel errors seems to lead to boundary shifts as the statistical classifier has to accommodate error-infused data (non-native data) which differ substantially from the "clean" data consisting of target categories only (native data) (cf. Berck 2017) .
Similar adaptive mechanisms in boundary shifts were observed for human vowel recognition. When listening to foreign-accented speech, native listeners seem to attend to phonetic details resulting from transfer from the learners' L1, to navigate specific types of deviations in the speech signal. Recognizing words with segmental deviations implies that listeners have to cope both with sounds that are distorted versions of the native norms, as well as with sounds that can be mapped onto distinct phoneme categories. Native listeners are required to shift their common boundaries to accommodate ambiguous non-native realizations which differ from their experience with native phoneme categories (cf. Bent et al. 2016; Cutler 2012) . In sum, adaptive mechanisms in boundary shifts were observed in both the statistical vowel classifications and in human vowel recognition.
The very high canonical vowel classifications obtained in the individual condition in the statistical multinomial regression analysis provides evidence that the vowels of the individual learners have acoustic distinctions, meaning that most vowels are not mergers. Not all learners make the same distinctions and not all distinctions are made with the same degree of distinctiveness. Our results show that the variability in acquiring L2 phones is intricate. There is a great variability both within and across learners in their production of Dutch vowels, which leads to distinct patterns of vowel confusions per target vowel (cf. Bent et al. 2016; Mayr & Escudero 2010 ). More specifically, there is great variability within learners both in their segmental deviations (cf. Wade, Jongman, & Sereno 2007) and in the way different features (vowel height, vowel length, rounding and diphthongization) are used. Similarly, there is a wide range of variability across learners in their abilities and strategies to successfully produce the Dutch target vowels.
Our findings on individual differences across the 28 adult Spanish learners, both for the acoustic and listener data, seem to indicate that phonology acquisition does not always progress along with foreign language proficiency (see Figure 2 , Figure 3 and Table 14) (cf. Burgos et al. 2014a) . We have provided evidence that higher proficiency levels in Dutch (i.e., CEFR B2 level) do not guarantee success in achieving a native-like pronunciation in Dutch. Other factors that are related to foreign language proficiency are length of residence and substantial L2 use. Earlier studies have shown that these factors do not appear to have a strong effect on L2 pronunciation accuracy (cf. Flege et al. 1997; Munro 1993; Yeni-Komshian, Flege & Liu 2000) . Of course, it is possible that additional factors such as intrinsic individual differences (e.g., mimicry ability, learning strategies), or socio-psychological factors (e.g., motivation to sound native-like, attitudes toward the target language and culture) may have played a role in the individual differences in L2 pronunciation accuracy across the Spanish learners (cf. Moyer 2013 for a review of relevant factors in L2 phonology acquisition).
Conclusion
The aim of this article was to compare the acoustic properties of Dutch vowels produced by adult Spanish learners and the perception of these vowel productions by non-expert native Dutch listeners. We predicted that the features of vowel height, length, rounding and diphthongization would play a crucial role in native perception, but that their cue weightings might vary in comparison to the weightings used in production. The results supported our prediction, as we found similarities and disparities between the production and native perception results. As expected, similar results between the statistical classifier and native listeners were found for the five Dutch target vowels /i, u, ɔ, ɛ, aː/, because they match the five Spanish core vowels /i, u, o, e, a/ (cf. Flege 1995) . This indicates that statistical vowel classifications and human vowel recognition concur to a great extent. Disparities between the statistical classifier and native listeners were observed too. We found both slight and substantial differences. Slight differences were found for the target vowels /y, ɑ, øː, oː, ɛi, ɔu/, whereas substantial differences were seen for /I, ʏ, eː, oey/. These results indicate that the native human ear is able to process a large range of variability, as well as subtle and fine-grained characteristics of the speech signal in non-native speech.
An additional finding is that statistical vowel classifications and human vowel recognition processes are context-sensitive: in both contexts, classification processes are adapted to the nature of the data (i.e., non-native and/or native data) involved. Including non-native data (with a large variability in vowel realizations) in the analysis of native data led to different results, suggesting that, with changes in the variability of the vowel stimuli, adaptive mechanisms in boundary shifts come into play in both statistical vowel classifications and human vowel recognition.
Our results on individual differences across the 28 adult Spanish learners, both for the acoustic and listener data, corroborate previous findings by showing that phonology acquisition does not always progress along with foreign language proficiency.
Finally, our findings indicate that variability in L2 phonology acquisition is extremely complex. It occurs at different levels: within and across learners with respect to segmental deviations per target vowel, and within and across learners with respect to the features (vowel height, length, rounding and diphthongization) they apply to produce Dutch vowels accurately.
